Vaccine-elicited cytotoxic T lymphocytes (CTL) should be long-lived memory cells that can rapidly expand in number following re-exposure to antigen. The present studies were initiated to analyze the ability of plasmid interleukin-12 (IL-12) to augment CTL responses in mice when delivered during the peak phase of an immune response elicited by a plasmid human immunodeficiency virus type 1 gp120 DNA vaccine. Delivery of plasmid IL-12 on day 10 postimmunization resulted in a robust expansion of gp120-specific CD8 ؉ T cells, as measured by tetramer, gamma interferon ELISPOT, and functional-killing assays. Interestingly, this delayed administration of plasmid IL-12 had no significant effect on antigen-specific CD4
Since cytotoxic T lymphocytes (CTL) have been shown to play a central role in controlling a number of viral infections in humans, vaccine strategies are being developed to elicit populations of long-lived, virus-specific CD8 ϩ T lymphocytes that can contribute to viral containment. Some of the immunogens under evaluation for this purpose include plasmid DNA (4, 6, 9) , cytokine-augmented plasmid DNA (2, 14, 24) , and recombinant viral vectors (1, 21, 23) . These vaccine strategies are primarily being evaluated by assessing the magnitude of vaccine-elicited, virus-specific CD8 ϩ -T-lymphocyte populations by intracellular cytokine staining, gamma interferon (IFN-␥) ELISPOT, and tetramer technologies. However, while these technical approaches are of value in quantitating vaccine-elicited memory T-cell responses, they do not assess the functional heterogeneity of these cell populations.
Two subsets of memory T cells have been described on the basis of their anatomic compartmentalization and phenotypic profiles (22) . Central memory T cells primarily traffic within lymphoid tissues and are distinguished by their expression of the lymph node (LN) homing receptors CD62L and CCR7. Effector memory T cells are found in peripheral tissues and do not express these cell surface molecules (11, 18, 20, 30) . Considerable interest has focused on elucidating functional differences between these memory T-cell subsets and their capacity to confer protection against pathogenic infection. Both central and effector memory CTL in mice demonstrate rapid cytokine secretion and lytic activity following in vitro stimulation (28, 31) . However, central memory CTL have recently been shown to have a greater capacity for in vivo expansion following exposure to virus and are thus presumably more efficient in mediating protective immunity than are effector memory CTL (31) . Therefore, the subset of memory CTL generated by vaccination may determine the ultimate effectiveness of vaccineelicited immune protection against infection.
In the present study, tetramer analyses were used to monitor the kinetics, magnitude, and durability of plasmid IL-12-augmented, DNA vaccine-elicited CD8
ϩ -T-cell responses in mice. While we demonstrate that delaying the administration of plasmid IL-12 until the peak phase of the immune response substantially increased the pool of vaccine-elicited memory CTL, these cells were primarily effector memory T lymphocytes and lacked the ability to expand efficiently in response to secondary antigen exposure. These findings suggest that it will be important to evaluate the phenotypic subset and functional capacity of memory CTL generated by vaccine candidates as they undergo preclinical evaluation.
MATERIALS AND METHODS
Plasmids. All plasmids were constructed by using the PMV vector backbone, provided by Wyeth-Lederle Vaccines (Pearl River, N.Y.). A plasmid DNA vaccine expressing human immunodeficiency virus type 1 (HIV-1) IIIB gp120 (PMV-gp120) was used to immunize mice in these experiments. The empty PMV vector was used as a sham plasmid. A bicistronic IL-12 expression plasmid (PMV-IL-12) encoding both the p35 and p40 chains of murine IL-12 was constructed. Separate plasmids encoding murine p35 and p40 cDNAs were provided by Zimra Israel (Wyeth-Lederle Vaccines). The gene for p35 was cloned into the pCITE-2a ϩ vector (Novagen, Madison, Wis.) downstream of the cap-independent translation enhancer (CITE) region. PCR amplification was used to gen-erate a CITE-p35 fragment that was subsequently cloned into the PMV-p40 plasmid, downstream of the gene for p40. A single cytomegalovirus promoter drives the expression of both genes, with the CITE region facilitating the internal initiation of translation for the downstream p35 chain. Expression of p70 IL-12 protein was confirmed by performing enzyme-linked immunosorbent assays (ELISAs; BD PharMingen, San Diego, Calif.) on supernatants of COS-7 cells transiently transfected with 10 g of PMV-IL-12 (data not shown). IL-12 bioactivity was further demonstrated by culturing mouse splenocytes with transfection supernatants and measuring IFN-␥ production by ELISA as previously described (12) . Plasmids for mouse immunization were prepared from largescale bacterial cultures by alkaline lysis, followed by double CsCl gradient centrifugation as previously described (3) .
Mice and immunizations. Eight-to 10-week-old female BALB/c mice were purchased from Charles River Laboratories (Wilmington, Mass.). Groups of mice were immunized by intramuscular injection with various concentrations of plasmid DNA in 0.15 M sterile saline. The total injection volume was 100 l, with 50 l delivered into each quadriceps muscle.
Tetramer staining analysis. Tetrameric H-2D d complexes folded with the HIV-1 IIIB gp120 p18 epitope peptide (RGPGRAFVTI) (27) were prepared as previously described (26) . Blood was collected from individual mice in RPMI 1640 medium containing 40 U of heparin per ml. Following lysis of red blood cells (RBCs), cells were washed once with phosphate-buffered saline (PBS) containing 2% fetal bovine serum (FBS) and stained for 30 min with phycoerythrin (PE)-conjugated H-2D d /p18 tetramer and for 15 min with anti-mouse CD8␣ allophycocyanin (Caltag, San Francisco, Calif.). The cells were then washed once and fixed with PBS containing 1.5% paraformaldehyde. Samples were acquired with a FACScalibur flow cytometer, and data were analyzed with CellQuest software (BD Biosciences, Mountain View, Calif.). Data are presented as the percentage of gated CD8 ϩ T cells that stained positive with H-2D d /p18 tetramer. In certain experiments, spleen cells were harvested from immunized mice and tetramer staining was performed as described above. Spleen cells were also stained with anti-CD62L-fluorescein isothiocyanate (FITC), anti-CD11a-FITC, anti-CD54-FITC, or annexin V-FITC (BD PharMingen). Expression of the molecules recognized by these reagents was analyzed on gated CD8 ϩ tetramer-positive lymphocytes. Isolation of tissue lymphocytes. Lymphocyte populations from various mouse tissues were isolated as previously described (18) . Briefly, the spleen, mesenteric LNs, and peripheral LNs (axillary and inguinal) were harvested from individual mice and placed in single-cell suspensions in Hanks balanced salt solution (HBSS) containing 5% FBS. Bone marrow was harvested from the femurs of mice and treated with Tris-ammonium chloride to remove RBCs. Peritoneal cavity lymphocytes were isolated by peritoneal lavage with 5% HBSS. Lung tissue was finely minced and stirred at 37°C for 30 min in HBSS containing 1.3 mM EDTA. Tissue pieces were then washed once and further stirred at 37°C for 1 h in 5% RPMI medium containing 150 U of collagenase IV per ml and 30 U of DNase I per ml (Sigma, St. Louis, Mo.). The resulting cell suspension was pelleted by centrifugation, resuspended in 44% Percoll (Sigma), layered on 67% Percoll, and centrifuged for 20 min at 600 ϫ g. Lymphocytes at the interface were harvested and washed twice in 5% HBSS. Liver tissue was ground in 5% HBSS with a glass Dounce homogenizer. The resulting suspension was filtered and centrifuged, and the cell pellet was resuspended in 35% Percoll containing 200 U of heparin (Elkins-Sinn, Cherry Hill, N.J.) per ml. Cells were centrifuged for 20 min at 600 ϫ g, and the resulting pellet was treated with Tris-ammonium chloride to remove RBCs.
T-lymphocyte subset depletions. Spleen cells were harvested from individual mice, stained for 15 min at 4°C with either anti-CD4-PE or anti-CD8-PE monoclonal antibodies (MAbs; BD PharMingen), washed twice, and incubated with magnetic microbeads coated with an anti-PE MAb (Miltenyi Biotec, Auburn, Calif.) for 15 min at 4°C. Cells were then washed once, and separations were performed with an autoMACS cell sorter (Miltenyi Biotec). Cells eluted in the negative fraction were collected and used as effectors in either proliferation or IFN-␥ ELISPOT assays. Depletions were 95 to 100% efficient, as determined by flow cytometric analysis.
Proliferation assays. IFN-␥ ELISPOT assays. Ninety-six-well Multiscreen HA plates (Millipore, Bedford, Mass.) were coated by overnight incubation (100 l/well) at 4°C with rat anti-mouse IFN-␥ MAb (R4-6A2; BD PharMingen) at 10 g/ml in PBS. Plates were washed three times with PBS and blocked for 2 h at 37°C with 100 l/well of RPMI 1640 medium containing 10% FBS. Effector spleen cells were harvested from individual mice on day 18 postimmunization and tested as either total splenocytes or splenocytes depleted of CD4 ϩ or CD8 ϩ T cells. Effector cells were plated in triplicate at 2 ϫ 10 5 /well in a 100-l final volume with medium alone, 4 g of p18 epitope peptide per ml, or 4 g of Env peptide pool per ml. The pool consisted of 47 overlapping 15-mer peptides spanning the HIV-1 IIIB gp120 protein (Centralized Facility for AIDS Reagents, Potters Bar, United Kingdom) and was used such that each peptide was present at a concentration of 4 g/ml. After 24 h of incubation at 37°C, the plates were washed free of cells with PBS-0.05% Tween 20 and incubated overnight at 4°C with 100 l of biotinylated rat anti-mouse IFN-␥ MAb (XMG1.2; BD PharMingen) per well at 5 g/ml.
Plates were washed four times, and 75 l of streptavidin-alkaline phosphatase (Southern Biotechnology Associates, Birmingham, Ala.) was added at a 1/500 dilution. After a 2-h incubation, plates were washed four times and developed with Nitro Blue Tetrazolium-5-bromo-4-chloro-3-indolylphosphate chromogen (Pierce, Rockford, Ill.). Plates were analyzed with an ELISPOT reader (Hitech Instruments, Edgemont, Pa.). The mean number of spots from triplicate wells was calculated for each responder animal and adjusted to represent the mean number of spots per 10 6 spleen cells. Data are presented as the mean number of spots per 10 6 spleen cells from four animals per group. Cytokine secretion assays. Splenocytes from individual immunized mice were cultured in a 24-well plate (4 ϫ 10 6 /well) with 1 ml of 5% RPMI medium containing 100 ng of recombinant HIV-1 IIIB gp120 protein per ml. After 72 h, supernatants were harvested and cytokine concentrations were measured with commercially available ELISA kits in accordance with the manufacturer's (BD PharMingen) protocols.
51 Cr release CTL assays. Spleen cells were harvested from individual mice on day 18 postimmunization, resuspended in RPMI medium containing 10% FBS, and cultured in a 24-well plate (8 ϫ 10 6 /well) with 10 ng of p18 epitope peptide per ml. IL-2 (Sigma) was added to cultures on day 2 to a final concentration of 10 U/ml. On day 7, cells were harvested, washed once, and used as effectors in a 51 Cr release assay with P815 target cells (American Type Culture Collection, Manassas, Va.). P815 cells were cultured overnight in the presence of medium alone or with 100 ng of p18 peptide per ml. Cells (2 ϫ 10 6 ) were labeled with 150
Ci of 51 Cr for 1 h at 37°C, washed twice, and added to a 96-well round-bottom plate at 10 4 /well in 100 l of 10% RPMI medium. Titrations of effector cells were added to triplicate wells in 100 l of medium and incubated for 4 h at 37°C. Spontaneous release and maximum release were measured by incubating target cells with medium alone or 2% sodium dodecyl sulfate, respectively. Supernatants (50 l) were harvested and mixed with scintillation fluid, and radioactivity was measured with a Wallac 1450 Microbeta liquid scintillation counter. Percent specific lysis was calculated as follows: 100 ϫ (experimental counts per minute Ϫ spontaneous counts per minute)/(maximum counts per minute Ϫ spontaneous counts per minute). Spontaneous release was Ͻ10% of the maximum release. Data are presented as the mean specific 51 Cr release from four animals per group.
Antibody titers. Serum was collected from individual mice on day 28 postimmunization, and anti-gp120 antibody titers were determined by ELISA as previously described (3). Ninety-six-well plates were coated by overnight incubation at 4°C with 100 l of PBS containing recombinant HIV-1 IIIB gp120 protein at 500 ng/ml. Plates were washed three times with PBS-0.05% Tween 20 and blocked for 2 h with 200 l of blocking buffer (Pierce) per well. Plates were then washed three times, and serial dilutions of serum in PBS containing 10% FBS were added at 100 l/well. After a 2-h incubation, plates were washed five times with PBS-0.05% Tween 20, and 100 l of peroxidase-conjugated goat antimouse secondary antibody (Jackson Immunoresearch Laboratories, West Grove, Pa.) per well was added at a 1/5,000 dilution. Plates were incubated for 1 h, washed five times, and developed with TMB Microwell Peroxidase Substrate (Kirkegaard & Perry Laboratories, Gaithersburg, Md.). Reactions were stopped with TMB Stop Solution (Kirkegaard & Perry Laboratories), and plates were analyzed at 450 nm with a Dynatech MR5000 ELISA reader. Data are presented as the geometric mean titer of eight mice per group.
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Statistical analysis. The statistical significance of differences between groups was analyzed by Mann-Whitney t test with the GraphPad Prism software program.
RESULTS

Durable augmentation of HIV-1 gp120 DNA vaccine-elicited CD8
؉ -T-cell response with late administration of plasmid IL-12. Studies were initiated to evaluate the effect of altering the time of plasmid IL-12 administration on CTL responses elicited by a DNA vaccine expressing HIV-1 IIIB gp120. Groups of mice (six per group) received intramuscular injections of 50 g of sham PMV plasmid, 50 g of PMV-gp120, or 50 g of PMV-gp120 plus 200 g of PMV-IL-12 on day 0, 4, 7, 10, or 14 postimmunization. At various times following immunization, peripheral blood was obtained from individual mice and vaccine-elicited cellular immune responses were assessed with an H-2D d /p18 tetramer to detect a CTL population that recognizes the dominant H-2D d -restricted gp120 epitope p18. No tetramer-binding CD8 ϩ -T-lymphocyte population was detected in mice receiving the sham plasmid ( Fig. 1) . In mice receiving the gp120 vaccine alone, the p18-specific CTL response was first detected on day 11, peaked at 1.0% of the CD8 ϩ T cells on day 17, and declined to a plateau level of 0.59% between days 28 and 50 postimmunization. The p18-specific CD8 ϩ response in mice receiving plasmid IL-12 on day 0 was diminished compared to that of mice receiving the gp120 DNA alone. These data are consistent with reports demonstrating the suppressive nature of plasmid IL-12 when given at high concentrations concurrently with antigen (5, 8, 15) . While further dose titration studies demonstrated that 20 g of PMV-IL-12 administered concurrently with gp120 DNA could increase the early expansion phase of the p18-specific CTL response, this augmentation was transient, with CTL declining to levels comparable to those observed in mice immunized with gp120 alone as the response reached its plateau phase (data not shown). In mice immunized with the gp120 vaccine plus plasmid IL-12 on day 4, 7, or 14, the p18-specific CD8
ϩ -T-cell response was not significantly different from that generated by gp120 DNA immunization alone. Dramatic CTL augmentation was observed, however, in the group of mice receiving PMV-IL-12 on day 10 postimmunization. While levels of p18 tetramer-binding CD8 ϩ T cells in the peripheral blood of these mice were indistinguishable from those of control mice on days 11 and 14 postimmunization, a fourfold increase in p18-specific CD8 ϩ T cells was observed on day 17, 1 week after cytokine administration. Thereafter, levels of peripheral blood p18 tetramer-binding CD8 ϩ T cells began to decline gradually in these mice, with kinetics similar to those observed in mice receiving DNA vaccine alone. Fifty days following gp120 DNA immunization, p18-specific CD8 ϩ -T-cell levels in the blood of mice receiving plasmid IL-12 on day 10 were still fourfold higher than those in mice receiving gp120 DNA alone (P Ͻ 0.05). The observation that plasmid IL-12 adjuvant activity was demonstrable with cytokine administration on day 10, but not on day 7 or 14, following immunization suggested that the precise timing of IL-12 plasmid delivery was critical for enhancement of CTL responses following vaccination. Experiments performed to further elucidate the optimal time for plasmid IL-12 administration demonstrated that significant CTL expansion occurred only with delivery of plasmid IL-12 between days 10 and 12 postimmunization (data not shown). This adjuvant effect was not observed with similar administration of the sham PMV plasmid (data not shown).
Enhanced vaccine-elicited CD8 ؉ -T-cell effector response with delayed administration of plasmid IL-12. We next sought to determine whether the expansion of p18-specific CD8 ϩ T cells in the peripheral blood of DNA-vaccinated, IL-12-treated mice was associated with increased CTL effector function. Groups of mice were immunized with 50 g of sham plasmid, 50 g of PMV-gp120 alone, or PMV-gp120 with 200 g of PMV-IL-12 on day 10 postimmunization. Spleen cells were harvested on day 18 postimmunization and assessed for p18-specific CTL function by IFN-␥ ELISPOT and 51 Cr release assays. The percentages of splenic p18-specific CD8 ϩ T cells in mice receiving vaccine alone and those receiving vaccine with plasmid IL-12 were 0.76% (standard error of the mean [SEM], Ϯ0.13%) and 6.1% (SEM, Ϯ0.43%), respectively. The total splenocyte number and CD4
ϩ /CD8 ϩ -T-cell ratios were not significantly different between these groups of vaccinated mice (data not shown).
Vaccine-elicited functional immune responses of splenocytes were measured in an IFN-␥ ELISPOT assay following stimulation with the H-2D d -restricted p18 epitope peptide or a pool of 47 overlapping peptides that span the HIV-1 IIIB gp120 protein. The antigen-specific responses of CD8 ϩ and CD4 ϩ T cells were assessed by performing selective depletions of splenocyte subsets prior to assaying these cells. While a potent p18-specific IFN-␥ response was detected in mice immunized with gp120 DNA alone, this response was fourfold stronger in animals receiving the IL-12 plasmid ( Fig. 2A) . As expected, since p18 is a CD8
ϩ -T-cell epitope but not a CD4 ϩ -T-cell epitope, depletion of CD8 ϩ T cells from the splenocyte populations abrogated the p18-specific response, whereas CD4
ϩ -T-cell depletion of the splenocytes had no effect on this response. Splenocytes of mice receiving the IL-12 plasmid also generated greater IFN-␥ responses following stimulation with the gp120 peptide pool. Plasmid IL-12-induced immune augmentation reflected increased CD8
ϩ -T-cell responses, as almost the entire increase in the ELISPOT response to the peptide pool was lost when splenocytes were depleted of CD8 ϩ T cells. Antigen-specific IFN-␥ CD4
ϩ -T-cell responses were also detected in both control and IL-12-treated mice following pool peptide stimulation, as diminished responses were observed following CD4
ϩ -T-cell depletion. No IFN-␥ responses were detected from splenocytes of mice immunized with the sham plasmid.
To assess the cytotoxic potential of these vaccine-elicited CD8 ϩ T cells, splenocytes from immunized animals were cultured with the p18 peptide for 7 days and tested as effectors in a 51 Cr release assay with p18-pulsed P815 tumor cell targets. As shown in Fig. 2B , p18-specific cytotoxic activity was detected with effector cells from mice immunized with gp120 DNA alone at effector-to-target ratios of less than 5:1. The cytotoxic activity of splenocytes from mice receiving the DNA vaccine and the IL-12 plasmid was approximately twofold higher at all of the effector-to-target ratios tested. No p18-specific lysis was detected with effector cells from mice immunized with the sham plasmid. These ELISPOT and lysis studies demonstrate that delivery of plasmid IL-12 on day 10 postimmunization significantly enhances the CD8 ϩ -T-cell effector response generated by DNA vaccination.
Vaccine-elicited CD4 ؉ -T-cell and anti-gp120 antibody responses in mice receiving IL-12 plasmid. To determine whether late administration of plasmid IL-12 enhances vaccine-elicited CD4
ϩ -T-cell responses, splenocytes were assessed for antigen-stimulated proliferation and cytokine production. Splenocytes were harvested from immunized mice as previously described and cultured with various concentrations of recombinant gp120 protein, and proliferative responses were measured by [ 3 H]thymidine incorporation. Antigen-specific, dose-dependent proliferation was observed in splenocytes from mice immunized with plasmid gp120 alone, as well as in those from mice receiving both the vaccine and the IL-12 plasmid (Fig. 3A) . While splenocytes from the plasmid IL-12-treated mice exhibited a stronger response to the highest concentration of recombinant gp120 protein than did splenocytes from the mice receiving the vaccine alone (SIs ϭ 9.3 and 4.3, respectively; P Ͻ 0.05), the proliferation responses of the two groups of mice stimulated with the lower antigen concentrations were not significantly different. These proliferative responses were CD4 ϩ T cell mediated, as depletion of CD4 ϩ T cells, but not CD8 ϩ T cells, abolished the antigen-specific proliferation. No gp120-specific proliferative response by splenocytes of mice immunized with the sham plasmid was observed.
We also examined the profiles of cytokines produced by splenocytes from these mice following culture with 100 ng of recombinant gp120 protein per ml. As shown in Table 1 , elevated levels of IFN-␥ and IL-2 were detected in the culture 51 Cr release and are the means Ϯ SEM of four mice per group. E:T ratio, effector-to-target ratio.
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supernatants of the splenocytes from mice immunized with gp120 DNA alone, as well as from those of mice receiving both the vaccine and the IL-12 plasmid. While IL-4 levels were slightly higher in splenocyte culture supernatants from both groups of mice, these profiles are consistent with a vaccineelicited Th1-type immune response. The only significant difference observed between the two groups of immunized mice was higher secretion of IL-2 from splenocytes of mice immunized with gp120 alone (P Ͻ 0.03). Together, these proliferation and cytokine data demonstrate that vaccine-elicited CD4 ϩ -T-cell responses in animals receiving vaccine and plasmid IL-12 or vaccine alone were for the most part similar. Therefore, while administration of plasmid IL-12 on day 10 postimmunization significantly augmented the CD8 ϩ -T-cell response to DNA vaccination, the effect on CD4
ϩ -T-cell responses was minimal.
We next measured anti-gp120 antibody titers in the sera of these immunized mice to determine whether delayed administration of the IL-12 plasmid augmented vaccine-elicited antibody responses. As shown in Fig. 3B , no significant differences in gp120-specific antibody titers were detected between mice immunized with the gp120 plasmid alone and those receiving vaccine and 200 g of PMV-IL-12 on day 0, 4, 7, 10, or 14 postimmunization.
Phenotypic analysis of HIV-1 gp120 DNA vaccine-elicited CD8 ؉ T lymphocytes following delayed administration of plasmid IL-12. To elucidate the mechanism by which late administration of plasmid IL-12 augments vaccine-elicited CTL responses, we examined p18-specific CD8 ϩ T cells for phenotypic evidence of activation and apoptosis. Groups of mice were immunized with 50 g of PMV-gp120 alone or PMV-gp120 with 200 g of PMV-IL-12 delivered on day 10 postimmunization. Spleen cells were harvested from individual mice at multiple times through day 32, and expression of CD11a and CD54 on tetramer-positive CD8 ϩ T lymphocytes was evaluated. CD11a and CD54 are adhesion molecules whose expression is upregulated on T lymphocytes following activation (25) . Consistent with this biology, on day 10 post DNA immunization, expression of CD11a and CD54 was higher on p18-specific CD8 ϩ T lymphocytes than on naive CD8 ϩ T lymphocytes ( Fig. 4A and B, respectively). Following day 10, expression of these molecules on p18-specific CD8 ϩ T lymphocytes from mice immunized with plasmid gp120 alone began to decline gradually. In contrast, the p18-specific CD8 ϩ T lymphocytes in mice receiving the IL-12 plasmid continued to upregulate CD11a and CD54, with expression peaking on day 18 postimmunization. On day 32 postimmunization, tetramer-positive CD8 ϩ T cells in mice receiving vaccine and the IL-12 plasmid still exhibited higher expression of CD11a and CD54 compared to tetramer-positive CD8 ϩ T cells in mice receiving vaccine alone, and these differences were still detectable more than 100 days postimmunization (data not shown).
We also examined whether delayed IL-12 plasmid administration influenced the rate of apoptosis in DNA vaccine-elicited CD8 ϩ T cells. Annexin V staining was used to identify p18-specific CD8 ϩ T cells undergoing the early changes of apoptosis (29) . In mice immunized with gp120 DNA alone, the peak of annexin V staining on tetramer-positive CD8 ϩ T cells was observed on day 10 (35%) and gradually declined to background levels between days 18 and 22 postimmunization (Fig.  5B) . In mice receiving plasmid IL-12 on day 10, a substantial decrease in annexin V-positive, p18-specific CD8 ϩ T cells was measured on day 14 postimmunization compared with mice receiving vaccine alone (19 versus 29%, respectively). This decrease was observed prior to the dramatic expansion of the a Mice were immunized with 50 g of sham PMV plasmid, 50 g of PMVgp120 alone, or 50 g of PMV-gp120 plus 200 g of PMV-IL-12 on day 10 following vaccine administration. Spleen cells from individual animals were harvested on day 18 postimmunization.
b Spleen cells were cultured with 100 ng of recombinant HIV-1 IIIB gp120 protein per ml; and 72 h later, supernatants were harvested and tested for cytokine production by ELISA. Data are presented as the mean cytokine concentration produced by eight animals per group Ϯ SEM. vaccine-elicited, p18-specific CD8 ϩ T cells that occurred between days 14 and 18 following immunization (Fig. 5A) . By day 18 postimmunization, there was an approximately fourfold increase in tetramer-positive CD8 ϩ T cells in plasmid IL-12-treated mice, and annexin V staining of these cells had declined to background levels. Together, these results demonstrate that the delayed administration of plasmid IL-12 postimmunization resulted in an increase in the activation of vaccine-elicited CD8 ϩ T lymphocytes and a decrease in apoptosis of these cells.
p18-specific memory CTL expansion in mice receiving HIVgp120 DNA vaccine with delayed administration of plasmid IL-12. Having demonstrated that delayed administration of plasmid IL-12 significantly enhances the memory pool of plasmid gp120-elicited CD8 ϩ T cells, we sought to assess the ability of these CTL to expand in response to a plasmid gp120 boost immunization. Groups of mice were immunized with 50 g of PMV-gp120 plus either 200 g of sham plasmid or 200 g of PMV-IL-12 delivered on day 10 postimmunization, and all mice were subsequently boosted on day 130 with 50 g of plasmid PMV-gp120 alone. As previously observed, mice receiving the DNA vaccine with delayed plasmid IL-12 administration exhibited a durable fourfold increase in their primary p18-specific CTL response compared with mice receiving the vaccine plus the sham plasmid (Fig. 6) . At the time of boosting on day 130 postimmunization, the percentages of p18-specific
CD8
ϩ T cells in the peripheral blood of the plasmid IL-12-and sham plasmid-treated groups of mice were 2.0 and 0.48%, respectively (P Ͻ 0.001). Surprisingly, no significant difference between these groups of mice was observed in the magnitude of the peripheral blood p18-specific CTL expansion following the plasmid gp120 boost immunization. On day 10 following the boost immunization, p18-specific CTL responses comprised 12.8 and 9.3% of the CD8 ϩ T cells in the plasmid IL-12-and sham plasmid-treated groups of mice, respectively, and these levels were durable through day 28 postboosting. Comparable p18-specific responses were further observed in these groups of mice following a third plasmid gp120 boost immunization (data not shown).
Previous studies have suggested that antigen-specific CD8 ϩ T cells with a central memory phenotype (CD62L ϩ ) have a greater capacity to expand in vivo during a recall immune response than do CD8 ϩ T cells with an effector memory phenotype (CD62L Ϫ ) (31). We therefore examined whether the absence of an increased p18-specific CTL expansion in mice receiving delayed administration of plasmid IL-12 could be explained by the type of memory CTL induced during priming. Phenotypic analysis of peripheral blood p18-specific CD8 ϩ T cells on day 28 post primary immunization demonstrated a significant increase in tetramer-positive CD62L Ϫ CD8 ϩ T cells in mice receiving the delayed IL-12 plasmid administration (5.75% of CD8 ϩ T cells) compared with mice receiving the delayed sham plasmid (1.14%) (Fig. 7) . While a substantial decay in CTL was observed over time in all vaccinated mice, those receiving the delayed plasmid IL-12 administration still retained fivefold more p18-specific CD62L
Ϫ CTL at the time of boosting on day 130 than did those receiving the sham plasmid (P Ͻ 0.001). In contrast, levels of p18-specific CD62L ϩ CD8 ϩ T cells were much lower than levels of the p18-specific CD62L Ϫ CD8 ϩ T cells and remained relatively constant between days 28 and 130 postimmunization. Importantly, no significant difference in the levels of p18-specific CD62L ϩ CTL was observed between animals receiving the delayed plasmid IL-12 or the sham plasmid at the time of boosting on day 130. These phenotypic analyses of peripheral blood CTL suggest that delayed administration of plasmid IL-12 resulted in an increase in p18-specific effector memory
ϩ T cells while having no significant effect on the levels of p18-specific central memory CTL.
While central memory CTL are believed to traffic primarily within lymphoid compartments, effector memory CTL have been demonstrated predominantly in nonlymphoid tissues (18, 20) . To elucidate further whether delayed administration of plasmid IL-12 specifically augmented the generation of effector memory CTL, we analyzed lymphocyte populations isolated from various lymphoid and parenchymal tissues of vaccinated mice for p18-specific CTL. Groups of mice were immunized with 50 g of PMV-gp120 plus either 200 g of sham plasmid or 200 g of PMV-IL-12 administered on day 10, and tissues were harvested on day 34 postimmunization. As shown in Table 2 , only a small percentage of p18-specific CD8 ϩ T cells were detected in lymphocytes harvested from peripheral and mesenteric LNs, and these CTL were almost exclusively CD62L ϩ . No significant differences in p18-specific CTL levels were detected in these lymphoid compartments when mice receiving the vaccine plus either IL-12 or sham plasmids were compared. In contrast, a dramatic increase in p18-specific CD8 ϩ T cells was observed in mice receiving delayed plasmid IL-12 treatment in lymphocyte populations isolated from the spleen, blood, bone marrow, peritoneum, lung, and liver. While both CD62L ϩ and CD62L Ϫ p18-specific CTL were detected in these nonlymphoid tissues, substantial augmentations were only observed in the CD62L Ϫ p18-specific CTL in the mice receiving delayed plasmid IL-12 administration, ranging from 1.3-fold (peritoneum) to 5.3-fold (blood and lung). Despite these increased levels of CD62L Ϫ CTL, the expansions of p18-specific CD8 ϩ T cells in the peripheral tissues of plasmid IL-12-and sham plasmid-treated mice following a plasmid gp120 boost immunization were found to be similar (Table 3) . These data further support the hypothesis that delayed plasmid IL-12 administration drives the expansion of vaccine-elicited CD8 ϩ T cells with an effector memory phenotype while having no significant impact on the levels of central memory CTL.
DISCUSSION
Long-term immunological protection is determined by both the quantity and quality of memory T cells produced following initial antigen exposure. As the number of memory T cells generated is largely dependent on the magnitude of the primary immune response, CTL-based vaccine strategies have focused on eliciting as large an expansion of antigen-specific CD8 ϩ T cells as possible. One of the approaches being evaluated in this effort is the use of plasmid-encoded cytokines or costimulatory molecules to enhance the proliferation of vaccine-elicited CTL. In the present study, we illustrate the potential for vaccine adjuvants to modulate the formation of central memory and effector memory T-cell subsets, and thus potentially the efficacy of vaccine-elicited immune protection.
We have demonstrated that administration of plasmid IL-12 during the peak phase of an immune response elicited by a DNA vaccine encoding HIV-1 gp120 resulted in a robust expansion of antigen-specific effector CD8
ϩ T cells and a durable increase in the pool of persisting CTL. The time period in which late delivery of plasmid IL-12 could elicit this effect, however, was found to be very restricted. Optimal CTL expansion occurred with cytokine plasmid delivery between days 10 and 12 postimmunization, just prior to the peak CTL response. Cytokine plasmid delivery within this time period may provide optimal levels of IL-12 at the peak of the vaccine-elicited immune response, causing an expansion of activated CTL.
We studied in detail the mechanism by which delayed IL-12 administration augmented antigen-specific CTL responses. It has been suggested that apoptosis induced by extrinsic factors such as cytokine starvation may play a major role in the downregulation of effector T-cell responses (13) . The present data suggest that providing IL-12 within the time period in which activated CD8 ϩ T cells are susceptible to elimination may provide an activating signal that induces cellular proliferation, inhibits induction of apoptosis, and allows long-term survival. These data are supported by observations that IL-12 can induce the proliferation of previously activated T cells (7) and also prevent Fas-mediated apoptosis (16, 17, 19) .
Why late administration of IL-12 specifically augmented antigen-specific CTL yet had minimal effects on CD4 ϩ T helper responses remains uncertain. However, accumulating evidence suggests that the expansion and contraction phases of CD8 ϩ -and CD4
ϩ -T-cell responses are differentially regulated. A study comparing the responses of these two lymphocyte subsets in the setting of lymphocytic choriomeningitis virus infection demonstrated that the primary expansion of CD8 ϩ T cells vastly exceeded that of CD4 ϩ T cells. This CD8 ϩ -T-cell pop- a Mice were immunized with 50 g of PMV-gp120 plus 200 g of sham PMV plasmid or 200 g of PMV-IL-12 on day 10 following vaccine administration. On day 145 postimmunization, mice were boosted with 50 g of PMV-gp120. The indicated lymphoid and nonlymphoid tissues were harvested from animals on day 10 following boost immunization, and lymphocytes were isolated as described in Materials and Methods.
b Antigen-specific CD8 ϩ T cells were detected by using an H-2D d /p18 tetramer. Data are presented as the percentage of gated CD8 ϩ T cells that bound tetramer, as measured by flow cytometry, and are the means of four mice per group Ϯ SEM. In contrast, antigen-specific CD4 ϩ T cells had a more delayed and protracted phase of downregulation that was characterized by a persistent decline in the memory T-cell population (10) . Thus, the stimulatory effect of late IL-12 administration may have a larger impact on the preservation and maintenance of effector CD8
ϩ T cells than on CD4 ϩ T cells. While delayed administration of plasmid IL-12 generated a three-to fourfold increase in the pool of vaccine-elicited memory CTL, no significant difference in the magnitude of the secondary antigen-specific CTL response was observed between mice primed with gp120 alone and those primed with gp120 and plasmid IL-12. The absence of a difference between these animal groups in their CTL expansion following a boost immunization can most likely be explained by our observation that the IL-12-treated mice had increased levels of CTL with an effector memory phenotype, while levels of CTL with a central memory phenotype were comparable to those observed in mice that did not receive cytokine. While previous studies have demonstrated that central and effector memory CD8 ϩ T cells in mice have similar profiles of cytokine secretion and cytolytic activity, central memory CTL have been shown to have a greater capacity to expand rapidly in vivo following a pathogenic infection and are able to confer better immune protection than effector memory CTL (28, 31) . This difference has been attributed to the ability of central memory CD8
ϩ T cells to produce higher levels of IL-2 than effector memory CTL (20, 31) . The findings in the present study are consistent with this previously described inability of effector memory CTL to expand efficiently in response to secondary antigen exposure. While substantial clonal expansion of memory CTL is critical for the containment of many pathogenic infections, effector memory CTL present at the site of initial infection may contribute as an immediate line of defense. Whether the increased levels of effector memory CTL in plasmid IL-12-treated mice can significantly enhance protection against a pathogenic-virus challenge is under investigation.
A recent study has provided evidence supporting a model of CTL differentiation in which newly activated CD8 ϩ T cells follow a stereotypic pathway of evolution: naive3 effector3effector memory3central memory (31) . This model suggests that effector memory CD8 ϩ T cells are not a distinct subset but a transitional cell population that will, with time, reacquire the ability to produce IL-2 as it evolves to central memory CTL. While we observed a progressive decline in antigen-specific CD62L Ϫ effector memory CTL between days 28 and 130 postimmunization in the peripheral blood of plasmid IL-12-treated and untreated mice, an increase in the central memory subset of CTL was observed only in mice immunized with gp120 alone. Mice immunized with the DNA vaccine plus delayed plasmid IL-12 demonstrated consistent levels of antigen-specific central memory CTL, even when the analysis period was extended to day 240 postimmunization (data not shown). These data suggest that activation of CD8 ϩ T cells during the peak phase of the immune response may drive their terminal differentiation into effector memory CTL.
Current methods for evaluating cellular immune responses elicited by vaccination primarily rely on quantitating antigenspecific T cells, usually by tetramer staining and peptide IFN-␥ ELISPOT assays. Our results suggest that the type of memory CTL generated following immunization is also an important parameter to be monitored in studies analyzing various vaccine strategies. Since a robust expansion of vaccine-elicited memory CTL is critical for controlling viral replication following infection, vaccination strategies that augment the generation of central memory CD8
ϩ T cells are likely to be most effective in conferring protection. It will be important to gain a better understanding of the mechanisms that influence the generation of central and effector memory CD8 ϩ T cells and to develop strategies that specifically amplify populations of central memory CTL.
